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Abstract
This paper presented CO2 injected into water saturated porous media for the immiscible displacement using
Magnetic Resonance Imaging(MRI). The porous medium was formed from the packed bed of glass beads 0.2mm.
CO2/water displacement processes were implemented by a spin echo sequence with MRI technique. CO2/water
displacement processes were investigated for different flow rates. The CO2 and water distribution were distinguished
from MRI images. Then residual water saturation were obtained at steady state. The effects of capillary number were
investigated. Also the interface for different flow rate was investigated. The study provides useful data for transport
process in CO2 storage.
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w the viscosity of water
v displacing fluid velocity.
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1. Introduction
CO2 capture and storage (CCS) is based on capturing CO2 from large point sources and storing CO2
instead of freely releasing to the atmosphere. A clear understanding of immiscible and miscible fluid
displacement at the pore scale is important to predict the continuum scale processes that occur during CO2
geological sequestration. Unstable displacement in porous medium at the pore scale has been a subject of
extensive experimental research in the past and the displacement patterns have been well characterized.
Recently Magnetic Resonance Imaging(MRI) and X-ray CT visualization technology has been increasingly
used to visualize changes in situ saturation distribution during a core flooding experiment for CO2
storage[1-7].
However, these characterizations are limited to a relatively narrow range of viscosity ratios and
Capillary numbers due to technical challenges. In real CO2 sequestration scenarios these quantities may
vary in a much wider range. In previous papers[5], we presented that high resolution MRI was applied to
obtain pore distribution and fluid flow in porous media. In this study, CO2/water displacement process
was investigated for different flow rates. The residual water saturations were obtained. The relationship
residual water saturation with capillary number was investigated. The effects of capillary number were
investigated. The study has provided useful data for transport process in CO2 storage.
2. Experiments
2.1. Experimental equipment and process
The experimental setup is the same as Song et al [8].The porous medium was filled with quartz glass
beads with average diameter of 0.2 mm (BZ-02). To ensure that surfaces of glass beads are free of air
bubbles, the vessel was vacuumed and kept for 1 hour. The vacuumed vessel was then placed in the center
of magnet. The porous media was saturated with water. After saturated with water, the packed bed was
left for 1 hour before images were acquired. A temperature of 298 K and pressure of 6 MPa were selected
to ensure gaseous properties for immiscible displacement process. The immiscible displacement
experiments were carried out in BZ-02 with 0.03 ml/min, 0.08 ml/min, 0.3 ml/min and 0.8 ml/min. The
MRI data was begun to be acquired automatically as CO2 was just injected. Data acquisition was stopped
when the mean MR signal intensity of image became unchanged.
2.2. Results and Discussion
The MRI images of the whole procedures of the immiscible displacement were shown in Fig. 1
respectively, a) Case I: in BZ-02 with 0.03 ml/min, b) Case II: 0.08 ml/min, c) Case III: 0.3 ml/min, and d)
Case IV: 0.8ml/min. Firstly, the water MR signal intensity increases gradually for dissolution into the
water. The intensity increments get small with increasing flow rate. Secondly water from the region
outside FOV is displaced into the FOV. Meanwhile with CO2 front moving, The intensity decreases
gradually. So CO2 saturation increases gradually and linearly. Thirdly, CO2 break through because of fluid
viscosity and gravity forces. It is found that the CO2 channeling or fingering fronts are formed. The
packed porous media is not perfectly homogeneous, so CO2 fills the high permeability regions when they
are accessible to the flow. The low connectivity between high permeability regions and the inlet face of
the core results in low CO2 saturation in high permeability regions which is contrary to common
expectations. Therefore some thin channels were established, and CO2 ran through the channels vertically
in a short period. The time of CO2 breakthrough is different with different flow rates. The water MR
signal intensity decreased. Finally with CO2 continually injecting, the MR signal intensity of water
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becomes stable. Then the CO2 saturation get stable on the third stage, indicating the rest part remains
inaccessible to the residual fluid. So the final residual water saturation and the displacement efficiency is





Fig. 1. MRI images of miscible CO2 displacement (a) 0.03 ml/min; (b)0.08 ml/min; (c) 0.3 ml/min and (d)0.8
ml/min in BZ-02












0.03 1.56*10-7 0.00762s 29 0.169 85.1%
0.08 4.15*10-7 0.02032 27 0.141 85.9%
0.3 1.56*10-6 0.0762 12 0.111 88.9%
0.8 4.15*10-6 0.2032 10 0.105 89.5%
The type of displacement observed during drainage in two-dimensional porous medium therefore
depends on the relative magnitude of viscous forces and gravity, but also on their relative magnitude with
respect to the heterogeneous capillary forces. A set of dimensionless numbers is usually defined to
quantify these relative magnitudes. The capillary number Ca is the typical ratio of the viscous pressure




where  is interfacial tension, w is the viscosity of water, v is the displacing fluid velocity. Ca
are calculated based on CO2 injection, but also represent fluid properties associated with the invading (in
our case, the wetting) fluid. The Ca numbers for experimental results in this work range from
approximately 10-11 to 10-6.
The interface for different flow rates were shown in Fig.2. When a wetting fluid is being displaced by a
fluid placed above it, the viscosity and density of which are much smaller than those of the wetting fluid.
Hence, viscous forces tend to destabilized the interface against the stabilizing effect of gravity. We
considered the flow regimes depending on the Ca: for very slow displacements, the displacement is
controlled by the heterogeneity of the capillary pressures along the interface. The capillary fingering
regime is well by invasion percolation algorithms. For fast displacements, viscous fingering regimes were
observed for viscous forces over capillary effects. It was caused by a rapid breakthrough of the non-
wetting fluid into the wetting fluid. These two flow regimes have been extensively from intensity images..
 Minghao Yu et al. /  Energy Procedia  61 ( 2014 )  282 – 285 285
(a) (b)
Fig.2.the displacement interface fort for BZ-02:(a)0.03ml/min (b)0.3ml/min
2.3. Conclusions
In this paper, high-resolution MRI was used to investigate two phase fluids flow of CO2 and water in
porous media. The CO2 and water distribution were distinguished from MRI intensity images. Then
residual water saturation were obtained at steady state. The effects of capillary number were investigated.
The Ca numbers for experimental results in this work range from approximately 10-11 to 10-6. Ca increase,
viscous forces dominate, resulting in a sharply decrease in residual wetting phase trapping around
capillary numbers 10-11 to 10-10 .Also the interface for different flow rate was investigated.The study
provides useful data for transport process in CO2 storage.
Acknowledgment
This work was supported by the Major State Basic Research Development Program (973 Program) of
China(NO.2009CB219507),National Natural Science Fund of China(NO. 50736001), National Natural
Science Fund of China (NO:51006017) and the National High Technology Research and Development
Program (863 Program) of China (NO.2006AA09209-5).
References
[1] Coninck Hde. IPCC special report on carbon dioxide capture and storage, Cambridge University Press New York; 2005
[2] Nguyen NL, Buren VV, Garnier AV,Hardy EH, Reimert R, Application of magnetic resonance imaging for investigation of
fluid dynamics in trickle bed reactors and of droplet separation kinetics in packed beds. Chem Eng Sci.2005;60:6289-97.
[3] Gladden LF,Anadon,LD,Gladden AJ,Stitt EH. Insights into the mechanism of the trickleto pulse transition in trickle-bed
reactors, Ind. Eng. Chem. Res.2005;44:6320-31.
[4] Anadon LD,Gladden AJ, GladdenLF. Mechanism of the trickle-to-pulse transition in fixed-bed reactors, AIChEJ.
2006;52:1522-32.
[5] Xue ZQ, Ohsumi T, Koide H, An experimental study on the influence of sub-core scale heterogeneities on CO2 distribution
in reservoir rocks, Energy, 2005;30:2352–59.
[6] Krause M , PerrinJC, Benson S.steady-state core flooding experiment using CO2 and brine is conducted to measure relative
permeability and to obtain a high resolution dataset for studying the factors controlling the CO2 saturation distribution.
Energy Procedia ,2011;4:4354–61
[7] Kleihans MG,Jeukens C,Bakker CJG, Frings RM.Magnetic resonance imaging of coarse sediment, Sedimentary
Geology.2008;208:69-78.
[8] Song YC,Jiang LL,Liu Y,Yang MJ.An experimental study on CO2/water displacement in porous media using high-resolution
Magnetic Resonance Imaging,Int.J.Greenhous Gas Control.2012;10:501–509.
Biography
Lanlan Jiang is a PHD student in Dalian University of Technology. Her research interest is
experiment study on multi-phase dynamics in porous media with MRI/CT. The engineering
background of the study is Greenhouse Gas Technology for mitigating global warming.
